Ice crystal impact onto a dry solid wall. Particle fragmentation T. Hauk 1 In this experimental and theoretical study, the impact of non-spherical and spherical ice particles onto a solid surface is investigated. The impact velocity of the particles was varied between 1 and 74 m s −1 . The size of the particles ranged from 30 µm to 3.5 mm. The impact target consisted of a tiltable aluminium surface. The impact angles were set to 30 • and 90 • (normal impact). The impact process was recorded by a high-speed video system. Based on observations, four different fragmentation modes, characterized by different levels of particle damage, were defined. Fragmentation models for the description of the deformation of the particle and the development of cracks within the particle on impact are formulated and validated by the experiments. In particular, the velocity up to which no particle fragmentation occurs, and the maximum velocity up to which minor fragmentation occurs (both significantly dependent on the particle initial size) are well captured by the fragmentation models.
Introduction
Research on the fundamental physics of ice particle impact is of interest in many disciplines. In planetary science, e.g. the understanding of the mutual impact of ice particles is of importance to improve the simulation of Saturn's ring system. Higa et al. [1, 2] investigated the impact of ice spheres on ice blocks with sphere diameters ranging from 2.8 to 72 mm and impact velocities between 0.01 and 10 m s −1 . The ambient temperature was varied between 113 and 269 K. The authors observed that the critical velocity, which is the onset velocity of fracturing, decreased with increasing particle diameter and increased with decreasing temperature. In atmospheric sciences, a profound understanding of the impact process of ice particles is crucial to accurately detect natural ice particles with airborne instruments. For example, probeinduced fragmentation prior to the measurement of the particle mass can lead to an artificial decrease of the median mass diameter. Ice particle impact on aircraft probes with diameters ranging from several micrometres to approximately 10 mm have been analysed by Vidaurre & Hallett [3] . The authors applied the ratio of particle kinetic energy to surface energy as a criterion to characterize the onset of ice particle fragmentation. Particle bouncing and fragmentation on several liquid water content and total water content (TWC) probes were investigated by Emery et al. [4] and Isaac et al. [5] to more accurately interpret the measured ice water content (IWC) and TWC values. The authors believed that the actual IWC and TWC were underestimated owing to neglect of some particles or fragments. The investigation of the influence of ice particle bouncing and fragmentation on measured IWC and TWC values as well as the optimization of current probes to minimize bouncing and fragmentation is ongoing.
In aeronautical science, the impact of hail particles, which have diameters between several millimetres up to a few centimetres, can lead to serious damage of aircraft structures and jet engines. Moreover, the ingestion of hail particles can cause engine power loss and flameouts. In case of engine ingestion, ice particles impact on cold engine parts, e.g. the spinner, inlet or fan, before entering the engine core. For this reason, hail particle impact has been investigated in several studies. Guégan et al. [6] used a drop weight technique to determine the critical impact velocity for the fragmentation of spherical hail particles. The post-impact state of the particle was divided into a non-altered and an altered state. The altered state was characterized by the existence of cracks, fragments or both, whereas the non-altered state was characterized by no apparent modifications of the ice sphere's shape. The particle diameter ranged from 12.9 to 42 mm. The impact velocity was varied between 1 and 5 m s −1 , and three different impact angles were considered (45 • , 70 • and 90 • ). The AGARD model [7] was applied which assumes that the altered state is observed if the kinetic energy is higher than a certain value of the deformation energy. Moreover, Guégan et al. [8] shot ice spheres onto a glass plate with a gas gun to investigate the kinematics of post-impact ice fragments. The ice sphere diameters ranged from 6.2 to 27.5 mm. The impact velocities varied between 60 and 200 m s −1 , a range in which the ice spheres were always split into hundreds of fragments upon impact. Four different impact angles were chosen (20 • , 45 • , 67 • and 90 • ). It was observed that the angle between the fragments' velocity vectors and the surface was smaller than 2 • at all impact conditions. Furthermore, the velocity of the centre of the fragment cloud was as large as the tangential velocity of the ice sphere before the impact. Pan & Render [9] [10] [11] performed several studies on hail impact on flat plates, rotating spinners and fans. Ice spheres with diameters of 12.7 and 19 mm, impact velocities between 102 and 175 m s −1 , and several impact angles (e.g. 30 • , 45 • , 60 • and 90 • in case of a flat plate target) were considered. Pan & Render concluded that the Rosin-Rammler distribution, which is commonly used for representing particle size distributions generated by grinding, milling and crushing processes, can be applied to describe the post-impact particle size and velocity distributions of hail particles impacting on flat plates. The post-impact mass distributions were obtained with a patternator which consisted of several square steel tubes. The patternator collected the ice fragments behind the target and allowed the measurement of their mass at different locations. In case of the stationary and rotating spinner, post-impact mass distributions were not influenced by the rotation. In case of the rotating fan, blade shape and angular speed varied with the impact position. For this reason, the particle mass distribution behind the fan depended significantly on the impact position.
Mason et al. [12] concluded that, besides the ingestion of hail particles, the ingestion of small ice particles, which occur in the vicinity of deep convective clouds, can lead to ice crystal icing (ICI) in jet engines and, as a consequence, to power loss and flame outs. In contrast to the classical form of icing, which is based on impact and freezing of small supercooled droplets with median volume diameters smaller than 40 µm on cold surfaces [13, 14] , ICI may occur on warm surfaces. The ice particles may have irregular shapes and occur in the form of aggregates or more pristine crystals (e.g. plates, columns and needles) [15] . Their diameters are in the range of few micrometres up to few millimetres. On their way to the engine core, these ice particles are subject to impact and phase change phenomena. In this context, studies dealing with the impact process of small ice particles are very limited. Palacios et al. [16] investigated the impact process of fully frozen and partially melted spherical ice particles with diameters between 0.4 and 0.9 mm. The impact velocities varied between 140 and 309 m s −1 , and the impact angle was set to 30 • , 45 • or 60 • . To generate the partially melted ice particles, an oxygen/acetylene flame was positioned within the ice particle trajectory. Ice accretion was quantified using the ratio of the ice accretion area and the projected area of the initial ice sphere. The authors concluded that the smaller the impact angle, the larger the ice accretion becomes. Moreover, at impact angles of 30 • and 45 • , ice accretion increased with increasing impact velocity. The possibility of generating partially melted ice particles was also successfully demonstrated. Vargas et al. [17] investigated the impact of ice particles on a moving wedge. The diameter of the ice spheres varied from 1.5 to 3 mm. Impact velocities were between 7 and 120 m s −1 . The impact angle was set to 30 • , 45 • , 60 • or 90 • . The authors showed that upon impact the fragments, which form the edge of the fragment cloud, initially have a higher velocity than the impact velocity of the original ice sphere. Moreover, at an impact velocity of 120 m s −1 , the fragments left the impact spot under a shallow angle. These observations are in line with the observations made in the aforementioned hail impact investigations. In contrast to hail particle impact, which has been studied extensively up to now, only few studies exist which investigated the impact process of ice particles, which are smaller than hail particles. The size difference between hail particles and small ice particles can be up to several orders of magnitude. To date, it is not known if models based on hail impact studies can be applied to the impact process of small ice particles, e.g. models for threshold velocities and postimpact particle size and velocity distributions. The influence on the fracture mechanics of the morphology of small ice crystals, which consist of few or even single crystals in contrast to the morphology of hail particles, which have a polycrystalline structure, is not known. The physics of ice particle impact and the mechanisms of its breakup are not completely understood. On the other hand, similar phenomena have been modelled in the past in the fields of penetration mechanics and transport of granular materials. Andrews [18] has modelled an impact of an elastic-plastic spherical particle onto a solid substrate. Theoretical models for an elastic-plastic long rod impact onto a perfectly rigid substrate exist [19, 20] . Recently, an ice particle impact model has been proposed by Roisman & Tropea [21] which is able to describe the process of ice particle collision, accounting for its crushing. The model is developed for spherical, cylindrical and conical particles. It is able to predict the peak force generated by particle impact and the maximum impression radius.
To extend the understanding of the impact process of small ice particles, an experimental test apparatus was developed which allows the investigation of the impact process of non-spherical and spherical ice particles. Ice particles whose diameters ranged from approximately 30 µm to 3.5 mm were used in the experiments. The impact velocity was varied from 1 to 74 m s −1 . The impact angle was set to 30 • or 90 • . The impact process was observed, and the main types of particle breakup have been identified. It is found that the threshold velocity associated with the particle breakup increases for smaller particles. Scales have been proposed, based on the analysis of the development of lateral and radial cracks in the particle, which are able to describe threshold velocities as a function of the particle size. Finally, the probability distributions for various fragmentation modes have been determined.
Material and methods
The ice particle impact experiments were conducted in the Icing and Contamination Research Facility (iCORE) [22] at Airbus Group Innovations in Munich, Germany (figure 1). iCORE is a laboratory icing wind tunnel with a test section height of 15 cm and width of 10 cm. The icing wind tunnel allowed the control of the airflow temperature within the transparent test section during the impact tests in the range from 0 to −40 • C. The pressure within the test section was measured by a pressure transducer array (Aerolab LLC, Laurel, USA). (a) Experimental set-up A schematic of the experimental set-up is shown in figure 2. A particle ejection module accelerated the ice particles. A tiltable aluminium target was placed in the centre of the test section. The particle impact and fragmentation process was recorded with a high-speed camera (Phantom v. 611, Vision Research Inc., Wayne, NJ) in shadowgraphy mode. The images were analysed with a self-written MATLAB (MathWorks Inc, Natick, MA) code to extract the projected area, maximum dimension and two-dimensional velocity vector of the initial particle and of the largest fragment after impact. The particle ejection module is aerodynamically shaped and was placed upstream of the nozzle. The particle ejection module was loaded with small portions of ice particles (typically a few milligrams). Cold compressed air stored in an inner reservoir was used to accelerate the ice particles in a tube that ended approximately 20 mm upstream of the target. Directly using the airflow to accelerate portions of ice particles had the advantage that loose aggregations were separated and single ice particles impacted the target. The air pressure in the particle ejection module was controlled by a pressure gauge to set the impact velocity of the particles.
The target consisted of a polished aluminium plate with an impact surface of size 2.0 × 1.4 mm. The aluminium plate was attached to a tilting mount to control the impact angle. The optical and recording system consisted of a high-speed video camera that was placed next to the transparent test section. A 12× zoom lens (Navitar, Rochester, NY) was mounted on the high-speed camera, allowing an impacting particle to be imaged with sufficient resolution. Opposite the camera, a cold light source (Dedocool, Dedo Weigert Film GmbH, Munich, Germany) was positioned for illumination.
(b) Test procedure
The target was tilted to control the impact angle of the ice particles. The airflow velocity was set to approximately 5 m s −1 , and the power of the heat exchanger was adjusted to attain the desired ambient temperature in the test section. Ice particles with non-spherical shape scraped from the wall of a chest freezer, whose ambient temperature was approximately −25 • C, were placed in the cooled particle ejection module. The equivalent projected area diameter of the nonspherical particles ranged from approximately 30 to 800 µm. The high-speed video recording was started simultaneously with the particle ejection. Spherical ice particles were prepared on a superhydrophobic metal plate. First, non-spherical ice particles of different sizes were spread on the superhydrophobic plate at room temperature. Upon melting, the ice particles formed small water droplets with an almost spherical shape. The plate with the droplets was then placed in a chest freezer and after several minutes the frozen droplets could be collected from the plate with a cold brush and fed into the particle ejection module. The diameter of the spherical particles ranged from approximately 260 to 3500 µm. The ambient temperature, ice particle temperature and target temperature were between −10 and −20 • C. The uncertainty of the particle velocity was 2%. The resolution of the pictures varied between 5.9 and 16.7 µm pixel −1 , depending on the preset magnification. The uncertainty of the particle's maximum dimension ranged from ±2 to ±7 pixels.
Observations of particle fragmentation
Based on the experimental observations, four different fragmentation modes of non-spherical and spherical ice particles were defined in this work: 
(a) No fragmentation
In this mode, ice particles bounce off the target surface without being damaged to any extent. No fragments form. Figure 3 shows two sequences of particle bouncing. Figure 3a shows six consecutive images of a non-spherical particle with a maximum dimension of 200 µm and an impact velocity of 6.9 m s −1 . Significant particle rotation, i.e. the tangential velocity is comparable to or larger than the translational velocity, occurred upon impact. Figure 3b 
(b) Minor fragmentation
In case of 'minor fragmentation', small fragments are observed. Up to 20% of the original particle, volume is shattered into fragments. Figure 4a shows the impact of a non-spherical ice particle with a maximum dimension of 300 µm and an impact velocity of 26 m s −1 . A small ice residual, stemming from the original particle, can be observed on the surface after impact. The sphere in figure 4b has a diameter of approximately 1130 µm and a velocity of 5.1 m s −1 . Significant particle rotation is observed in both cases after impact.
(c) Major fragmentation
'Major fragmentation' occurs if between 20 and 50% of the original particle volume is lost owing to fragmentation. In figure 5a, the maximum particle dimension is approximately 280 µm, and the impact velocity is 36 m s −1 . A small residual on the surface can be observed. In figure 5b, an almost spherical particle is shown which is nearly split in half upon impact. Particle diameter is approximately 440 µm, and impact velocity is 11 m s −1 . In both cases, significant post-impact particle rotation takes place.
(d) Catastrophic fragmentation
In this mode, more than 50% of the original particle volume is affected by fragmentation. Several fragments are generated as an outcome of the impact. In the extreme case, the particle shatters into hundreds of small fragments. In figure 6a , a non-spherical particle with a maximum dimension of approximately 360 µm and an impact velocity of 48 m s −1 fragmented into several small particles. A small residual stuck to the surface at the impact location. In figure 6b, a spherical particle with a diameter of approximately 960 µm impacted at a velocity of 36 m s −1 and broke apart completely. In approximately 80% of the impact cases, no significant particle rotation was observed before impact. On impact, if the particle was either of non-spherical shape or showed major or catastrophic fragmentation, at least part of the fragments started to rotate. In the case of the ice spheres, which showed no or minor fragmentation, the particles or fragments started rotating after impact in 75% of the cases. In between 30 and 40% of the cases where fragmentation occurred, small ice fragments stuck to the surface after impact. The volume of these residuals was at most a few percent of the total volume of the original ice particles.
Mechanisms of particle fragmentation
The collision of a spherical ice particle onto a perfectly rigid flat substrate is shown schematically in figure 7. The particle deformation, recently analysed theoretically by Roisman & Tropea [21] , consists of the crushed region near the wall, the plastic deformation region, and the rear part of the particle. The rear part contains a fine fragmentation region and a region of propagating cracks. The zone, which includes propagating cracks near the particle surface, can be fragmented. Later in the text, we will call this zone a fragmentation region.
The description of the formation and propagation of cracks in different materials is a rather complicated topic, belonging to fracture mechanics. Upon impact of quasi-brittle materials, cracks are generated. In the following analysis, we obtain typical velocity scales associated with the cracking process leading to different types of particle fragmentation. Simplified scaling models are used which, however, allow to capture the main physics of particle fragmentation.
In this study, two main types of cracks are considered: lateral cracks parallel to the surface, leading to particle attrition and splitting (at higher velocities) and radial or median cracks, leading fig. 13 from Combescure et al. [25] . δ for a cylinder is associated with the instantaneous impression radius α for a spherical particle. (Online version in colour.)
to particle breakup. The geometry of these cracks is defined in figure 8 . We assume that these two types of cracks may be responsible for the fragmentation of ice particles.
(a) Lateral crack formation in ice particles
Assuming that the ice behaves like semi-brittle material during the impact, the propagation of cracks in the particle can be described by results from Evans & Wilshaw [23] and Ghadiri & Zhang [24] for various configurations and particle geometries. For an impacting particle, the scaling for the length of a crack l cr
can be applied. In (4.1), Y is the yield strength of ice, a is the impression radius and K c is the fracture toughness. The scaling (4.1), namely the dependence of the length of the fragmentation region as power '3/2' of the impression radius, was derived for a cubic impactor geometry, but it can be shown that it is independent from the geometry by fitting results obtained with a cylindrical ice crystal impactor, as shown in figure 9 . These measurements are obtained from the images of the impactor in fig. 13 from Combescure et al. [25] . The residual impression radius a for a spherical particle of radius R 0 having the normal impact velocity U 0 is determined by the particle deformation during its collision with the rigid wall. The expression for the impression radius is obtained from Roisman & Tropea [21] and from Andrews [18] in the form
Therefore, the length of a crack in an ice particle can be scaled as
The length of the lateral crack determines a spall radius of a crater produced by an impact of a solid particle onto an ice block [26] [27] [28] . This case is analogous to the phenomenon of impact of a cracked particle, considered in this study. Therefore, the physics of these two cases is the same. In figure 10 , the dimensionless spall radius R crater /R 0 of craters produced by impact of solid particle of radius R 0 , measured in Kato et al. [26] and Lange & Ahrens [27] , is shown as a function of the
c . Linear dependence of the radius R crater /R 0 on λ confirms the scale for the crack length (4.3). Moreover, these two dimensionless parameters are of the same order. This fact also indicates the correctness of our estimation of the crack length.
(b) Particle attrition
The particle material spreading in the plastic deformation region can also lead to damage in the rear part of the particle. It is known that upon ice particle impact an expanding cracked region ahead of the plastic wave develops [21, 30, 31] . In a certain velocity range, this phenomenon leads to particle attrition [32] .
If we assume that the thickness of the region fragmented by the lateral cracks is proportional to the impression radius a, the ratio of the volume of the fragmented region, to the initial particle volume, η, can be expressed in the form (c) Particle splitting by lateral cracks
While attrition takes place at rather low impact velocities, the particle suffers more damage with increasing velocity breaking apart into fragments. As a plausible fragmentation criterion, we can take the condition at which the crack length (4.3) is comparable with the initial particle diameter (l cr ≈ 2R 0 ). In this case, the particle can be split by the developed crack. The condition for particle splitting is therefore
(d) Particle breakup by median/radial cracks It was observed that the length of the median/radial cracks depends on the load P applied to a media. Marshall & Lawn [33] and Lawn et al. [34] have observed that for radial cracks P/l 3/2 cr,radial = constant. In our case, we can estimate the load as P ≈ Yπ a 2 . Using the expression (4.2) for the indentation radius a, we obtain the following expression for the length of a radial crack
The critical impact velocity, corresponding to the particle breakup by a median/radial crack, can be estimated from the condition l cr,radial ≈ 2R 0 . U breakup,radial is obtained with the help of (4.7) in the form
which has the same dependence on the particle size as the attrition velocity, defined in (4.5).
In order to check the hypothesis that the outcome of ice particle fragmentation can be described by these two velocity scales, U split ∼ R −2/3 0 and U attrition (or U breakup,radial ) ∼ R −1/2 0 associated with splitting and attrition/radial cracks, we perform an analysis of the experimental data considering different modes of particle fragmentation for various particle sizes. This analysis is presented in section 5. Figure 12 shows the map of ice particle impact events leading to no fragmentation or minor fragmentation outcomes.
Results and discussion
Impacts of spherical and non-spherical particles are shown. In the case of non-spherical particles, D 0 represents the mean equivalent projected area diameter measured before impact. These results clearly demonstrate the dependence of the typical velocities, characterizing particle fragmentation, on the particle size. In general, the velocity of a specific fragmentation mode reduces with increasing particle size.
The threshold velocity for no fragmentation (above which any particle fragments or particle attrition can be identified) is scaled as U 0 ∼ D −0.58 0 . It should be noted that it is not always easy to identify particle damage, especially for small-sized particles. In any case, the experimentally determined scaling exponent, lying between −0.5 and −0.66, suggests that the initial fragmentation is governed by both mechanisms, particle attrition (4.4) and splitting (4.6).
A best fit to the experimental data in figure 12 shows that the threshold velocity for minor fragmentation (above which only major or catastrophic fragmentation associated with particle splitting have been observed) is scaled well as U 0 ∼ D −0.65 0 . This scaling is very close to the predicted expression for the critical splitting velocity (4.6), which suggests that the transition between minor and major/catastrophic fragmentation is mainly governed by splitting.
In the further analysis, we thus assume that for high particle impact velocities, causing major or catastrophic fragmentation, particle fragmentation is governed mainly by splitting. In figure 12 , the upper boundary for no fragmentation and the upper boundary for minor fragmentation are describes relatively well even the threshold for no fragmentation, which supports the assumption that the transition from no fragmentation to minor fragmentation is partially based on splitting.
Finally, an empirical dimensionless variable,
is introduced in order to describe the probability of a specific fragmentation mode based on the characteristic velocity scale for particle splitting. The units of U 0 and D 0 used in (5.1) are m s −1 and m, respectively. The experimentally obtained probability distributions for minor and major/catastrophic fragmentation are shown in figure 13 .
For ξ > 1.1, the probability of the catastrophic fragmentation approaches unity, whereas for ξ → 0, the probability of fragmentation approaches zero.
Conclusion
The study is devoted to the experimental and theoretical modelling of ice particle impact onto a flat rigid surface. Spherical and non-spherical particles are used in the experiments while the model is developed for a characteristic spherical semi-brittle impactor. Four typical modes of fragmentation are identified in the experiments: no fragmentation, minor, major and catastrophic fragmentation.
Typical scaling relations describing particle attrition/splitting by lateral cracks and breakup by median/radial cracks are derived. Analysis of the experimental data shows that the typical velocity for particle splitting, defined in (4.6), describes well the transition from minor to major/catastrophic fragmentation. Particle splitting is probably the main mechanism leading to major and catastrophic fragmentation. Particle attrition is significant only at relatively small velocities, leading to no fragmentation (in case of tiny fragments that cannot be resolved) or minor fragmentation together with particle splitting.
Finally, the probability distributions of minor and major/catastrophic fragmentation can be calculated from the experimental data. 
